Dynamic properties of magnetorheological elastomers (MREs
Introduction
Magnetorheological elastomers, which represent an elastic polymer medium filled with magnetic particles, captured a great interest for scientific and practical research. Under magnetic field they can demonstrate effects which characteristics can be controlled by varying the parameters of the elastomer (namely, material and size of the filler particles, elasticity of the matrix, etc.) or the magnetic field parameters.
The elastomers have a variety of applications in systems with oscillating units. Due to the elasticity of the carrier matrix and the interaction of the magnetic component of the elastomers with the external magnetic field they can be used as elements with variable stiffness. The natural frequency of oscillations can be shifted by applying the external magnetic field [1] [2] [3] [4] [5] . The elastomers can also be utilized as an oscillating element. In [6] it was demonstrated, that the natural frequency of oscillations of the elastomer with iron particles was about 20-30 Hz. For the higher frequencies, the parameters of the elastomer should be changed. In this work, the investigation of the resonance effects in the elastomers at sonic frequencies was carried out.
Under magnetic field the change of dielectric permittivity of the elastomer (so-called magnetodielectric effect) can also be observed [7] .
The above-mentioned effects are the examples of transformation of the magnetic field energy into the electrical or mechanical energy of the MRE, which allow to construct converters and actuators. Variation of the resonance frequency with changes in external conditions can be used in working principles of various types of wireless detectors, absorbers and modulators of electromagnetic waves at sonic frequencies.
Materials and methods
Samples of the magnetorheological elastomers used in this work were prepared at SSC RF GNIIChTEOS by Stepanov G.V. on the basis of two-component silicone compound SIEL. Filler concentrations was 56wt.% and 80wt.% for the elastomers with carbonyl iron particles and 61wt.% for the elastomers with barium ferrite particles.
For the capacitance measurements, the sample was placed between the plane capacitor plates and then fixed between the electromagnet poles so that the plates were perpendicular to the magnetic field direction (Fig. 1a) . The value of the magnetic permeability can be obtained from the inductance of the coil with the core changing. The coil was placed into the polymer clay cube to prevent it from the oscillation and to fix it inside the electromagnet. The sample was placed into the coil, and then the coil was placed between the poles of the electromagnet (Fig. 1b) .
Measurements of the inductance and capacitance were carried out using the immitancemeter Aktakom AM-3016.
The real and imaginary parts of magnetic permeability can be approximately calculated the following way:
Where Q 0 and Q are quality factors of a circuit with coil L 0 or L. Here L 0 and L are inductances of an empty and cored coil. The expression does not take the filling coefficient of the coil into account, thus the quantitative comparison is impossible. However, accounting the filling coefficient does not change the shape of the inductance curve and resonance frequencies. For this reason, these formulas can be used for qualitative verification of the resonance existence and resonance frequencies estimation.
Results and discussion
Under DC magnetic field the elastomer with iron particles demonstrated the magnetodielectric effect [6] (Fig. 2) . Moreover, the capacity was frequency independent and should not be taken into account in inductance measurements The effect of the AC magnetic field on the filler particles (and therefore the whole elastomer) is periodical and can lead to the mechanical oscillations and resonance excitation. Such resonance, which can be described by the elastic rod oscillation model, can occur in the elastomers with nonconductive particles in crossed AC and DC magnetic fields. Magnetic moments of the filler particles line up along the field direction and their interaction changes. Due to the elasticity of the carrier matrix, the length of the sample along the field direction changes and it returns the initial value when the current passes through zero. When the current changes the direction the magnetic moments of the particles also turn to another direction.
In case of conductive particles with the change of the magnetic field strength Foucault currents are induced, which anticipate the magnetic flux change, thus, the effective AC field applied to the elastomer is practically tend to zero. For this reason, at high frequencies of the AC field the elastomers with conductive particles do not demonstrate resonance energy absorption (Fig. 3) . When the elastomer with Barium ferrite particles at the concentration of 61wt.% was placed into the coil and the diameters of a coil and the elastomer core were the same, frequency de-pendencies of the real and imaginary parts of permeability did not have any resonance parts (Fig 4) . In case of the elastomer freely placed into the coil the experimental dependencies of the real and imaginary parts of permeability had resonance peaks (Fig. 5) .
Such a way of placing the core gives it the ability to move inside the coil. Moreover, magnetorheological effect (the increase of the Young's modulus with the magnetic field strength increase) leads to the shifting of the resonance frequency with magnetic field value. II Newton's law for the rod part with a length dx leads to an equation of oscillations:
is the displacement of the transverse section, E is Young's modulus, ρ is density. The natural frequencies are ω = πan l and ω 0 = πa l , where l is length of the rod, n is harmonic number. The resonance frequencies on the experimental curves are also multiple, which proves the reliability of the model.
For the values E = 10 4 − 10 5 Pa, ρ = 1800 kg/m 3 , l = 2.3 cm the first natural frequency was in the range of 50 − 200 Hz.
For the elastomers with barium ferrite particles at the same concentration but with larger value of matrix stiffness resonance peaks on the curves of the imaginary and real parts of magnetic permeability were not observed.
Conclusion
The mechanical resonance effect can be observed in the elastomers with nonconductive particles in crossed AC and DC magnetic fields. The capacitance change with frequency can be ignored. The resonance peaks, which were observed for the samples of the elastomer with barium ferrite particles, depend on the magnetic field strength, sample size, matrix elasticity. These dependencies can be explained by the mechanical oscillation of the sample, which can be described by the elastic rod oscillation model: the sample changes the length with the change of AC magnetic field. The experiment also confirms the existence of multiple frequencies, which were predicted by the model. 
